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SUMMARY 


The  purposes  of  the  experimental  study  reported  here  were  to  obtain 
basic  data  on  blast  waves  generated  by  the  bursting  of  frangible  pressure 
vessels  containing  liquids  under  pressure  which  could  flash  evaporate  during 
vessel  burst,  and  to  obtain  blast  data  for  frangible  vessels  which  burst 
while  containing  dense  gas  under  pressure.  Side-on  blast  wave  properties 
were  to  be  measured  for  each  of  these  blast  sources  at  a  number  of  radial 
distances. 

The  fluid  chosen  for  the  experiments  was  a  common  refrigerant, 
dichlorod if luorome thane  (Freon  ©-12),  and  the  frangible  spheres  were  made  of 
blown  glass.  The  spheres  were  fractured  by  impacting  with  a  pneumatic 
striker  while  filled  with  either  liquid  or  gaseous  fluid  under  high  pressure 
and  room  temperature.  Blast  parameters  were  measured  using  an  array  of  side-on 
pressure  transducers,  connected  to  suitable  amplifying  and  recording 
equipment.  Measured  parameters  included  positive  and  negative  phase  peak 
pressures,  positive  and  negative  phase  impulses,  times  of  first  and  second 
shock  arrival,  durations  of  positive  and  negative  phases. 

The  bursting,  liquid^f illed  spheres  usually  generated  very  low  ampli¬ 
tude  pressure  waves  which  were  essentially  sound  waves.  The  only  exception 
was  one  test  at  the  highest  pressure  ratio  tested,  and  even  this  test 
produced  only  a  weak  blast  wave.  The  vapor-filled  spheres  generated  distinct 
blast  waves  in  every  test,  with  characteristics  similar  to  those  obtained 
with  earlier  tests  of  bursting  spheres  filled  with  air  and  argon.  As  was 
true  for  tests  with  air  and  argon,  the  blast  wave  characteristics  differ 
from  waves  generated  by  condensed  explosives  in  a  number  of  respects.  All 
data  were  scaled  according  to  a  blast  scaling  law  developed  earlier,  and  are 
presented  in  this  form  in  the  report.  All  reduced  data  for  both  liquid-filled 
and  vapor-filled  spheres  are  also  presented  in  an  appendix. 

This  is  essentially  a  data  report,  containing  what  appears  to  be  the 
first  set  of  blast  measurements  for  bursting  frangible  vessels  filled  with  a 
flash-evaporating  liquid  or  a  dense  gas.  To  supplement  these  data,  other 
tests  are  suggested  with  heated  flash-evaporating  liquids.  Supporting 
analyses  are  also  suggested. 


I .  INTRODUCTION 


As  a  continuation  to  experiments  conducted  with  high-pressure  air 
and  argon  frangible  glass  spheres  simulating  bursting  of  thin-walled  gas 
pressure  vessels  Fl],  a  set  of  similar  experiments  have  been  conducted  using 
spheres  of  Freon @-12  (dichlorodifluoromethane)  liquid  and  vapor.  The  objective 
of  the  experimental  work  reported  here  was  to  record  time  histories  of  side- 
on  pressures  at  various  distances  from  a  blast  source  of  flash— evaporating 
fluid. 


The  data  obtained  from  the  liquid  tests  showed  much  lower  over¬ 
pressures  than  expected  and,  except  for  one  experiment,  the  bursting  of 
the  pressurized  liquid  did  not  develop  a  shock  front.  However,  the  pressure 
records  were  similar  for  all  measurement  locations  and  from  test  to  test. 

On  the  other  hand,  the  pressure-time  traces  for  the  vapor  tests,  in 
addition  to  being  quite  repeatable,  were  somewhat  similar  to  those  from 
the  previously  reported  [1]  air  and  argon  experiments.  The  reduced  data  for 
blast  overpressures,  impulses,  and  other  measured  parameters  are  presented 
in  dimensionless  form  and  whenever  possible  compared  to  condensed  explo¬ 
sive  (Pentolite)  data.  In  addition,  this  report  describes  the  experiments 
and  their  setup,  A  discussion  of  the  results  follows,  along  with  recommenda¬ 
tions  for  future  work. 
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II .  THE  EXPERIMENTS 


A.  General 


There  were  twenty-one  experiments  conducted  in  this  project,  using 
glass  spheres  of  two  diameters  and  various  thicknesses.  Freon-12  was  used 
in  the  liquid  and  vapor  state  to  pressurize  the  51  and  102  mm  (2-  and  4-in.) 
nominal  diameter  glass  spheres.  Room  temperature  liquid  Freon-12  was  used 
for  eleven  of  the  experiments,  at  gage  pressures  of  1,000  to  2,590  kPa 
(145  to  375  psig) .  The  other  ten  experiments  used  vaporized  Freon-12, 
also  at  room  temperature,  and  internal  pressures  of  241  and  503  kPa 
(35  and  73  psig) . 

The  experiments  were  conducted  using  the  same  experimental  apparatus 
used  by  Esparza  and  Baker  [1]  in  measuring  overpressures  from  air  and 
argon-pressurized  frangible  spheres.  An  array  of  eight  side-on  pressure 
transducers  was  used  to  record  pressure-time  histories  at  various  distances 
along  the  radials  from  the  glass  spheres.  As  had  been  done  in  the  previous 
investigation  [1],  high-speed  cinematography  was  used  in  some  of  the  tests 
to  observe  the  sphere  breakup  and  to  obtain  velocities  of  the  glass  fragments. 
Unfortunately,  because  of  technical  difficulties  with  the  lighting  system 
used,  movie  film  data  were  obtained  on  only  three  experiments. 

B.  Experimental  Layout 

These  tests  were  conducted  in  the  same  blast  chamber  at  SwRI  used 
in  the  previous  work  [1],  as  shown  in  Figure  1,  The  measuring  equipment 
in  the  chamber  included  two  aerodynamically-shaped ,  pencil-type  blast 
pressure  transducers  and  a  double-wedge  probe  with  six  blast  pressure 
transducers  spaced  along  the  upper  surface.  All  eight  of  these  transducers 
measured  the  side-on  blast  pressures  generated  by  the  bursting  pressurized 
glass  spheres.  A  high-speed  camera,  protected  by  a  sheet  of  transparent 
plastic  held  in  a  wooden  frame,  photographed  some  of  the  events. 

The  glass  spheres  were  blown  from  Pyrex  glass  tubing  and  were  furnished 
with  a  neck  about  51  mm  (2-in.)  long.  Two  different  schemes  were  used  to 
couple  the  spheres  to  the  pressurization  system.  For  all  spheres,  except 
the  two  used  with  the  high-pressure  liquid,  a  short  piece  of  high-pressure 
nylon  hose  was  used  with  hose  clamps  to  connect  the  sphere  to  the  steel 
tubing.  For  the  other  two  spheres,  the  inside  diameter  of  the  neck  of  the 
spheres  was  6.9  ram  (0 .25 -in.)  and  a  short  piece  of  6.35  mm  (0.23-in.)  steel 
tubing  with  a  tube  fitting  was  epoxied  inside  the  neck  to  connect  the  spheres 
to  the  rest  of  the  pressurization  system. 

Two  different  size  glass  spheres  of  51  and  102  mm  (2-  and  4-in.) 
nominal  diameter  and  several  different  thicknesses  were  hand  blown  for  this 
project.  The  thickness  of  each  sphere  was  selected  so  that  the  different 
internal  pressures  could  be  used  to  pressurize  the  spheres  close  to  their 
break  point.  Therefore,  a  slight  tap  against  the  sphere  would  burst  it 
relatively  uniformly  all  around  and  create  small-size  fragments  which  would 
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Figure  1,  Overview  of  Experimental  Apparatus 


minimize  the  interference  to  the  shock  wave  produced.  The  results  in 
References  1  and  2  were  used  as  a  guideline  for  estimating  the  pressure  which 
would  burst  each  size  sphere.  However,  nonuniformities  in  the  spheres 
(particularly  in  the  thicker  and  larger  ones)  caused  the  maximum  pressure  that 
spheres  of  the  same  size  would  withstand  to  vary.  Consequently,  several 
of  the  spheres  burst  prematurely  on  some  tests,  which  precluded  recording 
pressure  data. 

Because  of  the  nonuniformity  expected,  each  sphere  tested  was  indivi- 
dually  measured  for  mass,  volume,  and  thickness.  The  sphere  assembly  was 
weighed  before  each  test  and  the  remains  (usually  the  neck  and  its  fittings) 
were  weighed  after  each  test  to  determine  the  total  mass  of  the  fragments. 

The  volume  was  measured  by  filling  the  sphere  with  water  up  to  the  bottom 
of  the  neck  and  then  emptying  the  contents  into  a  graduate.  Using  this  volume, 
a  mean  diameter  was  computed  using  the  formula  for  the  volume  of  a  sphere. 

With  this  mean  diameter  and  the  measured  mass  of  the  sphere,  a  mean  sphere 
thickness  was  also  computed.  The  actual  thickness  was  also  measured  using 
ultrasonic  sensors  by  taking  several  spot  measurements  around  the  sphere 
and  averaging  the  results.  The  spheres  used  ranged  in  thickness  from  0.3 
to  3.3  mm  (0.012^-  to  0.13-in.),  For  the  majority  of  the  spheres,  these 
average  measured  values  were  very  close  to  the  computed  mean  thickness. 

C.  Test  Procedure 


A  typical  experimental  test  was  conducted  by  first  coupling  a  glass 
sphere  to  a  remotely  operated  solenoid  valve  as  shown  in  Figure  1.  The 
solenoid  valve  was  rigidly  mounted  onto  wooden  boards  supported  from  the 
roof  and  was  connected  using  steel  tubing  to  the  Freon-12  cylinders  located 
in  an  adjacent  test  cell,  as  shown  in  the  diagram  on  Figure  2.  A  precision 
bourdon^tube  dial  gage  was  used  to  monitor  the  pressure  in  the  line  (and 
in  the  sphere).  Two  manually  operated  valves,  one  adjacent  to  the  solenoid 
valve  and  one  near  the  Freon-12  cylinders,  provided  the  means  for  venting 
line  pressure,  and  for  repeated  purging  of  the  sphere  and  tubing  at  low 
pressures  using  the  vapor  cylinder. 

Once  the  sphere  was  properly  connected  to  the  solenoid  valve  and  purged, 
a  short  length  of  very  fine  wire  was  lightly  taped  around  the  sphere  for 
use  in  a  break-circuit  to  provide  a  trigger  voltage  for  the  recording 
instrumentation.  Then  the  pneumatic  cylinder  was  positioned  under  the 
sphere  so  that,  when  pressurized,  the  striker  would  travel  about  4  mm 
(0.16-in.)  past  the  bottom  surface  of  the  sphere.  The  cylinder  was  mounted 
on  a  wooden  table  which  provided  vertical  height  adjustment  for  the  different 
size  spheres.  The  solenoid  valve  controlling  the  input  to  the  pneumatic 
cylinder  was  connected  to  a  normally  open  set  of  contacts  in  the  high-speed 
camera  which  prevented  the  energizing  of  the  solenoid  by  a  24-VDC  supply 
until  the  camera  was  up  to  speed  and  ready  to  photograph  the  event. 

Checking  to  be  sure  that  the  camera  contacts  were  in  fact  open  and  that  the 
remote  start  switch  for  the  camera  was  in  the  off  position  before  opening 
the  nitrogen  bottle  regulator  connected  to  the  pneumatic  cylinder  prevented 
any  accidental  breakage  of  the  glass  spheres. 
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The  transducer  holders  were  installed  on  vertical  pipe  stands  so  that 
vertical  adjustment  was  possible.  With  the  glass  sphere  already  in  place, 
the  transducer  probe  point  or  edge  was  aligned  along  a  radial  through  the 
sphere  center.  The  three  probes  were  placed  90®  apart  with  the  center 
probe  opposite  the  movie  camera.  The  tips  of  the  other  two  probes  were 
framed  into  the  movie  pictures  to  provide  a  known  reference  since  the 
transducers  were  placed  a  measured  distance  from  the  exterior  of  the  sphere. 
With  the  camera  control  connections  verified  to  be  in  order,  and  the  sphere 
and  transducers  properly  installed,  the  camera  was  framed,  focused,  and 
loaded  with  a  roll  of  high--speed  negative  film  (Eastman  4x)  and  the  camera 
speed  set  at  a  nominal  5000  frames  per  second.  The  back  test  cell  was  then 
evacuated  and  closed  off. 

The  sphere  was  then  pressurized  using  the  appropriate  source  of 
Freon--12.  The  vapor  source  used  was  a  commercially  available  cylinder 
whose  gage  pressure  at  21.1®C  (70^F)  is  483  kPa  (70  psig) .  The  liquid 
Freon-12  was  obtained  by  using  a  modified  high-pressure  cylinder  so  that 
22.7  kg  (50  lb  )  of  Freon-12  was  pressurized  with  nitrogen  up  to  3,448  kPa 
(500  psi)  at  room  temperature.  The  pressurized  liquid  was  drawn  from  the 
bottom  of  the  cylinder  with  a  "dip-tube”  arrangement.  The  desired  pressure 
was  set  by  venting  some  of  the  nitrogen  prior  to  opening  the  Freon-12 
valve  into  the  experimental  setup ,  A  thermistor  temperature  probe  monitored 
the  Freon-12  temperature  as  near  the  glass  sphere  as  was  physically  possible. 
The  remotely  operated  solenoid  valve  was  kept  open  until  the  temperature 
in  the  line  stabilized  with  ambient  before  it  was  closed  in  preparation 
for  the  test.  In  the  case  of  the  vapor  experiments,  this  procedure  took 
less  than  10  minutes.  In  the  case  of  the  liquid  experiments,  the  spheres 
filled  up  rather  rapidly  until  the  liquid  lev^l  was  about  3/4  full  and  then 
took  much  longer  to  fill  the  rest  of  the  way,  particularly  for  the  larger 
volume  spheres.  By  the  time  the  spheres  were  iull,  the  internal  and  ambient 
temperature  had  equalized.  Once  the  temperatures  were  the  same,  the  remotely 
controlled  solenoid  valve  was  deenergized  (closed)  and  the  tubing  line 
partially  vented.  Enough  positive  pressure  wasf kept  so  as  to  minimize 
the  purging  operation  from  test  to  test  but  low^  enough  so  that  when  the  next 
sphere  was  used  there  was  no  danger  of  breaking^  it  as  the  solenoid  valve 
was  again  opened. 

The  high-speed  camera  and  the  spotlight  were  then  turned  on  to  begin 
the  actual  test.  At  a  preset  point  of  film  travel,  the  contacts  in  the 
camera  closed  which  energized  the  solenoid  on  the  pneumatic  cylinder. 

The  cylinder  was  pressurized  and  the  striker  burst  the  sphere  releasing  the 
high-pressure  contents.  The  bursting  of  the  sphere  broke  the  trigger  wire 
which  in  turn  triggered  the  pressure  transducer’s  recording  instrumentation. 
After  the  event,  the  high-speed  camera  was  unloaded,  the  film  processed, 
the  pneumatic  cylinder  depressurized,  the  remains  of  the  sphere  removed  and 
weighed,  and  the  test  cell  cleaned  and  made  ready  for  the  next  experiment. 

D.  Measurement  System 

The  objective  of  this  experimental  effort  was  to  obtain  pressure¬ 
time  records  from  free-field  flash  evaporating  vapor  and  liquid  explosions. 
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This  was  accomplished  by  using  eight  pressure  transducers  in  a  similar 
fashion  as  in  Reference  1.  The  transducers  used  have  minimum  natural 
frequency  of  67  kHz  and  are  capable  of  accurately  measuring  overpressures 
down  to  0,69  kPa  (0.1  psi) •  The  transducers  were  connected  as  shown  in 
Figure  3  to  SwRI -built  impedance  matching  amplifiers  consisting  of  a 
variable  step  capacitance  input  for  different  charge  attenuation  settings 
and  into  a  field  effect  transistor  circuit  with  very  high  input  impedance. 
The  output,  which  has  a  low  impedance,  was  then  slightly  amplified  for 
driving  the  cable  lines  to  the  data  recorders.  The  frequency  response  of 
these  units  is  about  0.1  Hz  to  4  MHz.  The  outputs  of  the  amplifiers  were 
recorded  on  Polaroid  film  using  a  Biomation  Model  802  digital  recorder  with 
Tektronix  Model  602  display  unit,  a  Tektronix  Model  R5444  dual  beam 
oscilloscope  with  two  Model  5A26  plug-in  amplifiers,  and  two  Tektronix 
Model  R561B  oscilloscopes  with  Model  3A75  plug-in  amplifiers.  The  minimum 
recorded  frequency  response  of  any  of  these  units  as  used  was  250  kHz. 

The  reduced  data  obtained  from  these  experiments  included,  when¬ 
ever  possible,  the  peak  overpressures  for  both  first  and  second  shocks 
and  their  arrival  times,  first  positive  phase  and  negative  phase  impulses, 
and  the  durations  of  the  first  positive  and  negative  phases.  The  data 
photographs  were  digitized,  manipulated  and  plotted  using  a  Hewlett- 
Packard  Model  9830  microcomputer  system.  The  pressure  and  impulse  versus 
time  plots  were  then  used  to  read  the  various  parameters  of  interest. 
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Figure  3.  Diagram  of  Pressure  Measuring  System 


III.  RESULTS  AND  DISCUSSION 


A.  General 


The  data  obtained  in  this  experimental  effort  are  presented  in  this 
section.  All  blast  parameters  plotted  are  nondimensional  and  are  shown  as 
functions  of  two  non-dimensional  variables  p^  and  R  as  follows: 
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where 


p  =  amibent  pressure  (absolute) 

SL 

a^  =  ambient  sound  velocity 
=  peak  side-on  overpressure 
t^  =  arrival  time  of  the  peak  overpressure 
T  =  duration  of  the  overpressure 
I^  =r  specific  impulse 

R  =  radius  of  blast  wave  (standoff  distance) 
=  internal  absolute  pressure  of  sphere 
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E  =  internal  energy  in  the  sphere 


Pi  =  Pl^Pa 


The  bars  indicate  non-dimensional  quantities  corresponding  to  the  desired 

dimensional  quantities.  This  functional  relationship  is  the  reduced 

form  of  the  scaling  law  derived  in  Reference  1  for  the  formation  and  transmission 

of  blast  waves  from  spheres  of  perfect  gases  with  similar  specific  heat 

ratios  and  sonic  speeds.  Because  of  the  limited  scope  of  the  experimental 

effort  reported  here,  no  analysis  has  been  performed  to  develop  a  general 

scaling  law  for  flash-evaporating  fluids.  However,  because  only  one  fluid 

has  been  used  in  this  effort,  it  is  very  likely  that  the  scaling  law  would 

reduce  to  the  relationship  shown  above  such  that  the  blast  parameters  are 

primarily  functions  of  R  as  was  the  case  for  the  more  perfect  gases  such 

as  air  or  argon  [1],  and  only  the  overpressure  showing  some  dependence  on 

Pr 

Since  all  the  nondimens ional  parameters,  except  two,  contain  the 
internal  energy  in  the  sphere,  E,  a  determination  of  this  quantity  is 
required  for  computing  the  barred  quantities.  In  Reference  1,  the  energy 
in  the  sphere  was  computed  using  Huang  and  Chou^s  definition  [4],  which  is 
essentially  the  potential  energy  caused  by  the  high  pressure  of  the  gas  in  the 
sphere.  For  a  perfect  gas,  the  energy  in  the  sphere  given  by  this  definition 
is  very  close  to  what  would  be  computed  assuming  the  available  energy 
is  that  which  is  released  by  an  isentropic  expansion  of  the  gas  in  the  sphere 
from  a  high  pressure  to  an  ambient  pressure  [5] . 

For  a  bursting  sphere  containing  a  flashing  vapor  or  liquid  such  as 
Freon^l2,  perfect  gas  behavior  cannot  be  used  to  determine  the  energy  of 
the  sphere.  The  maximum  energy  that  can  be  released  to  drive  a  blast  wave 
can  be  estimated  by  assuming  an  isentropic  expansion  from  the  initial  state 
conditions  to  ambient  pressure,  and  computing  the  corresponding  work  which 
could  be  done  as  a  change  in  internal  energy  of  the  expanding  fluid.  Similar 
approximations  have  been  used  by  other  investigators  to  determine  the  energy 
of  an  expansion  pressure  wave  from  a  flash-evaporation  process  [6] .  Based  on 
a  unit  mass  of  fluid,  the  energy  change  of  a  process  starting  at  state  1  and 
expanding  to  state  2  is 


U2  = 
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If  the  isentropic  expansion  process  for  Freon-12,  which  is  usually  a 
two-phase  fluid,  can  be  assumed  to  follow  an  expansion  according  to 


n 


P  V 


=  C 


(3) 


then  Equation  (2)  gives 


^  -  ^2  = 


'2  ^2  -  P 


1  ^1 


1  -  n 


(4) 


Two  types  of  experiments  were  conducted  with  the  Freon-12.  In  the 
first,  liquid  Freon  filled  the  frangible  spheres  at  pressures  above 
saturation  pressure  for  room  temperature.  In  the  second,  room  temperature 
saturated  vapor  or  superheated  vapor  was  used  to  fill  the  spheres.  Tables 
of  thermodynamic  properties  of  Freon-12  are  readily  available.  They  give 
properties  of  saturated  liquid,  saturated  vapor,  and  superheated  vapor. 

No  properties  for  compressed  liquid  seem  to  be  available.  (But,  by  analogy 
to  properties  of  compressed  water,  very  little  internal  energy  can  be  stored 
in  the  compressed  liquid,  compared  to  a  wet,  dry  or  superheated  vapor).  There 
fore,  the  first  type  of  test,  saturated  liquid  initial  conditions  were 
assumed  to  compute  internal  energy  at  state  1. 

The  procedure  used  to  calculate  maximum  specific  work,  u,  “  is 
then  to  obtain  values  from  tables  for  the  initial  conditions,  including 
the  entropy  s^  and  enthalpy  h^^.  Compute  u^  from  one  of  its  definitions 

u  =  h  -  pv  (5) 

Assume  expansion  to  a  pressure  in  the  table  nearest  to  atmospheric, 

P2  P^»  with  S2  =  s^.  Calculate  quality  x  of  vapor,  if  wet,  from 


X  = 


(6) 


Next,  get 


^2  =  ^f  +  ^  v^g 


and 


h 


2 


+  X  h- 

fg 


(7) 


(8) 
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Use  Equation  (5)  again  for  state  2  conditions  to  get  u«.  If  fluid 
in  state  2  is  in  superheated  region,  U2  is  obtained  from  table  values  of 
and  v^.  Finally,  u^  --  u^  is  obtained,  which  is  the  desired  result. 

For  a  sphere  of  any  given  initial  volume  the  mass  of  refrigerant 
can  be  calculated  using  and  v^  or  its  reciprocal  This  mass  is 


m  =  Vj^/v^ 


(9) 


and  the  total  energy  input  for  the  blast  wave  is 


E  =  m  (u^  -  u^) 


(10) 


When  the  entire  expansion  process  occurs  in  the  superheated  region, 
Equation  (4)  can  be  used  to  estimate  the  exponent  n  for  isentropic  expan-- 
sion.  Rearranged,  this  gives 


n 


Pi 


u. 


P2  ^2 
^2 


+  1 


(4a) 


In  this  equation,  n  is  the  counterpart  of  y  for  a  perfect  gas.  Sample 
calculations  for  test  conditions  used  in  this  program  are  given  in  Appendix  A. 

As  in  Reference  1,  attempts  were  made  to  determine  the  kinetic  energy 
of  the  glass  fragments  by  the  use  of  high-speed  cinematography.  Unfortunate¬ 
ly,  because  of  lighting  difficulties,  only  three  of  the  tests  produced 
readable  results  for  tests  containing  the  refrigerant  in  vapor  form.  The 
films  of  the  liquid  tests  showed  that  the  glass  pieces  were  projected  at 
much  lower  velocities  than  those  using  vapor  so  that  the  expanding  liquid 
quickly  covered  the  fragments  and  then  they  became  unobservable.  However, 
even  for  the  vapor  spheres  which  had  the  higher  fragment  velocities  and  lower 
initial  energy  levels,  the  kinetic  energy  was  at  the  most  less  than  10% 
of  the  isentropic  change  in  internal  energy.  Furthermore,  because  the 
energy  term  always  enters  with  an  exponent  of  1/3,  not  correcting  for  the 
kinetic  energy  of  the  fragments  would  result  in  a  maximum  error  of  3%  on 
the  energy  available  for  driving  the  blast  wave, 

B.  Liquid  Spheres 

There  were  eleven  experiments  attempted  using  Freon'-12  at  pressures 
well  above  the  saturated  vapor  pressure  at  a  room  temperature  of  about  20°C 
(68°F).  The  compressed  liquid  filled  the  glass  spheres  completely  at 
pressure  ratios  P1/P2  of  11.2  to  27.3.  On  three  of  the  experiments,  no 
data  were  obtained  because  the  glass  spheres  burst  prior  to  complete  filling 
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with  the  liquid  Freon-12,  Because  of  the  isentropic  change  in  internal 
energy  which  was  available  for  driving  the  blast  wave  for  these  experiments 
was  comparable  to  the  pressure  energy  used  in  the  tests  of  Reference  1,  the 
recording  instrumentation  was  set  up  to  record  voltage  levels  in  the  same 
range  as  had  been  observed  in  the  air  and  argon  experiments.  However,  it 
was  soon  evident  after  a  couple  of  tests  with  liquid-filled  spheres  that,  for 
the  range  of  scaled  distances  used,  the  peak  overpressures  were  at  least  one 
order  of  magnitude  lower  than  expected.  Consequently  these  two  tests  yielded 
no  recoverable  data.  Furthermore,  it  was  evident  that  a  shock  front  seldom 
developed,  except  in  one  test  which  used  one  of  the  102  mm  spheres  at  the 
highest  pressure  ratio  used,  =  20.3,  for  this  size  sphere. 

For  this  particular  test,  the  overpressure  at  the  closest  measurement  point, 

R  =  0.41,  was  only  5,9  kPa  (0.86  psig) .  The  rest  of  these  tests  yielded 
even  lower  overpressures  at  the  various  measurement  stations  most  of  which 
were  lower  than  1.4  kPa  (0,2  psig).  At  these  levels,  the  pressure  transducers 
used  were  close  to  their  lower  limit  of  measuring  with  acceptable  accuracy 
so  that  it  was  difficult  to  determine  whether  the  scatter  found  in  the  data 
was  caused  by  inaccuracies  in  the  measurement  system  or  by  the  nature  of  the 
experiment.  Therefore,  the  data  obtained  have  been  presented  only  in 
tabular  form  in  Appendix  B, 

The  general  characteristic  of  the  pressure-time  histories  recorded 
for  the  liquid-filled  sphere  was  as  shown  in  Figure  4.  A  gradual  positive 
rise  was  followed  by  a  long  duration  and  larger  amplitude  negative  phase. 

A  second,  shorter  duration  positive  phase  then  followed.  In  contrast. 

Figure  5  shows  that  data  recorded  for  Test  No.  13  in  which  a  shock  front 
similar  to  those  recorded  for  the  vapor  (also  for  air  and  argon  in  Reference  1) 
did  develop.  This  figure  is  also  an  example  of  the  reduced  format  of  the 
data  used  to  obtain  the  various  blast  parameters. 

Note  that  a  shock  developed  only  for  the  highest  test  pressure  of  the 
largest  sphere.  The  actual  time  scale  for  this  test  is,  of  course,  considerably 
longer  than  the  time  scales  for  tests  for  smaller  spheres.  We  can  speculate 
that  the  liquid  therefore  had  more  time  to  evaporate  and  to  generate  a  shock 
wave  in  Test  No.  13  than  in  any  other  test.  But,  we  did  not  obtain  enough 
test  data  to  be  certain  of  this  conclusion. 

For  these  data,  the  first  and  second  peak  overpressures  were  obtained 
as  well  as  the  positive  and  negative  impulses.  The  rather  low  pressure 
amplitudes  recorded  in  view  of  the  high  energy  available  is  probably  due  to 
the  relatively  slow  flash-evaporation  of  the  liquid  at  the  pressures  used. 

Thus  not  enough  vapor  was  available  at  high  pressure  to  develop  a  shock  front. 
Our  high-speed  films  of  these  tests  produced  no  data  for  fragment  velocities, 
but  they  did  show  that  the  liquid  was  dispersed  at  high  velocity.  All  of 
our  blast  transducers  were  side-on  transducers  oriented  with  sensing  elements 
parallel  to  the  flow,  and  would  therefore  not  measure  dynamic  or  liquid 
impact  pressures.  Again,  we  can  speculate  that  dynamic  pressures  exerted  on 
objects  immersed  in  the  flow  would  be  much  higher  than  the  side-on  pressures, 
but  we  do  not  know  how  much  higher  because  we  made  no  measurements. 
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Sensitivity: 

^  0*92  kPa,  R  =  178  mm 

^hwkhI  - 

^81^^8llU^BI  P  =  0.0094,  R  =  0.83 

ggMaM 


Test  No.  14,  Freon-12  Liquid 
Sphere  Diameter:  51  mm,  p,/p  =  11.2 

1  A 


Upper  Trace 

Sensitivity:  1.72  kPa/div 

P  =  0.0106,  R  =  0.62 
"i 

Middle  Trace 

Sensitivity:  1.59  kPa/div 
P  -  0.011,  R  =  0.73 

Lower  Trace 

Sensitivity:  2.41  kPa/div 

P  =  0.0068,  R  -  1.23 

®1 

Sweep:  1.0  ms/div 

Test  No.  15,  Freon-12  Liquid 
Sphere  Diameter:  51  mm,  p-i /p^^  =  11'2 


Figure  4.  Examples  of  Pressure-Time  Histories  From 

Bursting  Spheres  Pressurized  with  Liquid  Freon-12 
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C.  Vapor  Spheres 

There  were  ten  experiments  conducted  using  Freon-12  vapor  in  which  blast 
data  were  obtained  in  every  test.  The  pressure-time  histories  recorded 
were  similar  to  those  reported  in  Reference  1  for  bursting  spheres  of  air 
and  argon.  The  traces  were  quite  repeatable  and  are  characterized  by  an 
initial  shock  overpressure,  a  gradual  decay  back  to  ambient,  a  significant 
negative  pressure  phase,  and  a  second  shock  overpressure.  The  main  differences 
in  appearance  between  the  data  traces  in  Reference  1  and  those  recorded  in 
this  program  are  that  the  Freon-12  vapor  traces  have  in  general  a  relatively 
shorter  negative  phase  duration  and  a  higher  second  shock  pressure  compared  to 
the  first.*  Figure  6  shows  a  number  of  examples  of  the  Freon-12  vapor  data 
recorded  from  both  size  spheres  and  internal  pressures  used  in  these  tests. 
After  digitizing  and  plotting  the  data  from  these  types  of  records,  the 
various  blast  parameters  were  read.  The  results  were  non-dimensional ized  and 
are  presented  in  graphical  form  in  Figures  7  through  14.  In  these  figures, 
two  different  size  symbols  are  used  to  denote  the  two  sphere  sizes  used  in 
the  experiments.  Also,  a  differentiation  is  made  in  the  symbols  to  show 
the  two  different  internal  vapor  pressures  used.  In  addition,  whenever 
possible,  the  non-dimensional  data  are  compared  to  data  compiled  for  Pentolite 
high-explosive  [3] .  The  scaled  times  of  arrival  of  the  first  shock  waves 
are  presented  in  Figure  7 .  The  t  for  bursting  vapor  spheres  are  comparable 

^1 

to  those  for  a  high-explosive  over  a  decade  of  scaled  distances  R  ranging 
from  about  1.0  to  10.0.  Note  that  the  scaled  times  for  the  lower  pressure 
experiments  plot  slightly  lower  than  the  rest,  which  indicates  a  slight 
dependence  with  initial  internal  pressure  in  the  sphere.  Also  notice  that 
scatter  in  the  data  increases  with  smaller  values  of  R.  This  is  to  be 
expected  because  of  the  poorer  resolution,  accuracy  and  repeatability  of 
measuring  shorter  arrival  times  which  use  as  a  reference  a  trigger  pulse 
from  a  break  wire  around  the  sphere. 

In  Figure  8,  the  peak  side-on  overpressure  is  shown  as  a  function  of 
R.  These  data  do  not  group  together  as  closely  as  the  time  of  arrival 
data.  Some  differences  are  evident  between  the  small  and  large  sphere  data 
for  a  pressure  ratio  p^  =  6,  and  between  these  two  sets  of  data  and  the  large 
sphere  data  for  p^^  =  3.5.  These  differences  indicate  that,  in  addition  to 
the  dependence  on  R  and  p^,  the  side-on  overpressure  must  also  depend  on 
other  parameters  for  proper  scaling.  As  shown,  however,  all  the  data  are 
of  lower  amplitude  than  data  from  the  high-explosive. 

The  scaled  duration  data  of  the  first  positive  overpressures  are  shown 
in  Figure  9  and  are  compared  to  the  Pentolite  curve.  The  data  seem  to  group 
together  by  value  of  p^^  ,  and  for  ^  the  two  different  size  spheres 

experiments  yield  analogous  results.  The  positive  scaled  time  durations 
appear  relatively  constant  for  the  range  of  R  tested  such  that  T  (*f)  has 

*  scaled  durations  for  Freon-12  vapor  are  considerably  longer  than 

scaled  durations  for  air  or  argon,  for  equal  scaled  distances. 
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Upper  Trace 

Sensitivity:  1.03  kPa/div 
P  =  1.45  kPa,  R  =  584  nm 
_  1 

P  =  0.015,  R  =  6.81 
"l 

Lower  Trace 

Sensitivity:  1.03  kPa/div 
P  =1.1  kPa,  R  =  686  mm 
_®1  _ 
p  =  0.011,  R  =  8.00 
®1 

Sweep:  500  ms/div 


Test  No.  16.  Freon-12  Vapor 
Sphere  Diameter  =  51  mm.  p^/p^  =  6 


Upper  Trace 

Sensitivity:  1.03  kPa/div 
P 

=  1.31  kPa,  R  =  584  mm 

P  =  0.013,  R  =  6.68 

^1 

Lower  Trace 

Sensitivity:  1.03  kPa/div 

p 

s^  =  1.03  kPa,  R  =  686  mm 

P  =  0.011,  R  =  7.84 
®1 

Sweep:  500  ms/div 


Test  No.  17.  Freon-12  Vapor 
Sphere  Diameter  =  51  mm.  =  6 


Figure  6.  Examples  of  Pressure-Time  Histories  From 

Bursting  Spheres  Pressurized  with  Freon-12  Vapor 


Sensitivity;  1.72  kPa/div 
P  =  3.24  kPa,  R  =  203  mm 

P  =  0.033,  R  =  1.54 

^1 

Sweep:  400  ms/div 


Test  No.  2h  Freon-12  Vapor 
Sphere  Diameter  =  102  mm^  p^/p^^  =  3.5 


Sensitivity:  1.72  kPa/div 
=  3.93  kPa,  R  =  203  mm 

P  =  0.04,  R  =  1.60 
"l 

Sweep:  400  ms/div 


Test  No.  20^  Freon-12  Vapor 
Sphere  Diameter  =  102  mm^  Pi^^a  ^ 


Examples  of  Pressure-Time  Histories  From  Bursting 
Spheres  Pressurized  with  Freon-12  Vapor  (cont'd) 


Upper  Trace 

Sensitivity:  1*03  kPa/div 
P  =1.86kPa,  R  =  610  mm 

F  =  0.019,  R  =  3.73 
Lower  Trace 

Sensitivity:  1.03  kPa/div 
P  =  1.52  kPa,  R  =  711  mm 
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P  =  0.015,  R  =  4.35 
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Test  No.  19>  Freon-12  Vapor 
Sphere  Diameter  =  102  mm,  P|/p^  =  6 


Upper  Trace 

Sensitivity:  0.52  kPa/div 
P  =1.1  kPa,  R  =  610  mm 
®1 

P  =  0.011,  R  =  4.62 
®1 

Lower  Trace 

Sensitivity:  0.52  kPa/div 
P  =  0.83  kPa,  R  =  711  mm 
^1 

Pg  =  0.0084,  R  =  5.39 
Sweep:  500  ms/div 


Test  No.  21,  Freon-12  Vapor 
Sphere  Diameter  =  102  mm,  Pj/p^  =  3.5 


Figure  6.  Examples  of  Pressure-Time  Histories  From  Bursting 
Spheres  Pressurized  with  Freon-12  Vapor  (cont'd) 
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Figure  8.  Scaled  Side-On  Peak  Overpressure  for  Bursting 
Freon-12  Vapor  Sphere  at  Room  Temperature 


Figure  9.  Scaled  Duration  of  Positive  Phase  of  Blast  V'ave 
From  Bursting  Freon-12  Vapor  Sphere 


a  mean  value  of  almost  1.4.  This  value  is  about  2.5  to  5  times  longer  than 
the  scaled  durations  for  the  Pentolite  over  the  tested  scaled  distances. 

The  values  of  measured  for  these  experiments  were  lower  than 

those  of  Pentolite.  T^ie  magnitudes  of  T  (+)  were  higher.  However,  the 

scaled  side-on  positive  impulses  measured  which  are  interdependent  with 
these  two  blast  parameters  compare  closely  to  the  high-explosive  values. 

This  is  shown  in  Figure  10.  The  data  points  group  together  rather  well 
with  a  slight  tendency  for  the  smaller  sphere  tests  to  yield  slightly 
higher  scaled  impulses  than  the  larger  sphere  tests. 

The  negative  phase  duration  and  impulse  data  are  presented  in  Figures 
11  and  12,  respectively.  Similar  dependence  on  R  can  be  seen  for  these 
negative  phase  parameters  as  was  observed  for  the  corresponding  positive 
phase  data.  In  this  case,  the  scaled  durations  appear  to  be  constant 
regardless  of  scaled  distance  used.  The  mean  value  of  T  (-)  is  about  1.9 
and,  as  a  result,  the  negative  impulses  are  slightly  higher  than  the 
positive  impulses  at  corresponding  scaled  distances. 

Finally,  the  scaled  time  of  arrival  and  peak  overpressure  data  from 
the  second  shock  wave  are  shown  in  Figures  13  and  14.  The  time  of  arrival 
data  points  group  together  quite  well,  while  the  overpressure  seems  to 
scatter  more  and  separate  slightly  for  the  two  different  values  of  p- 
used.  This  is  similar  to  the  way  the  data  behaved  for  the  first  shock  wave. 
The  overpressure  amplitudes  for  the  second  shock  front  are  slightly  higher 
than  for  the  first. 
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Figure  12.  Scaled  Side-On  Negative  Impulse  From 
Bursting  Freon-12  Vapor  Sphere 


Figure  13.  Scaled  Time  of  Arrival  of  Second  Shock  Wave 
From  Bursting  Freon-12  Vapor  Sphere 


IV,  CONCLUSIONS  AND  RECOmENDATIONS 


Small-scale  experiments  were  conducted  by  Southwest  Research  Institute 
to  produce  data  on  incident  overpressures  at  various  distances  from  frangible 
spheres  pressurized  with  Freon-12  liquid  and  vapor.  Since  no  quantitative 
data  from  this  type  of  experiment  are  available  in  the  literature,  complete 
time  histories  of  overpressure  were  obtained  using  an  array  of  side-on 
pressure  transducers  to  characterize  the  blast  waves  formed  by  the  bursting 
glass  spheres  containing  a  flash-evaporating  liquid  or  vapor.  Two  different 
size  spheres  were  used  of  nominal  diameters  of  51  and  102  mm  (2  and  4  in.) 

The  liquid  experiments  generated  overpressures  which  were  considerably 
lower  in  amplitude  than  expected  for  the  energy  available,  assuming  an 
isentropic  expansion.  Consequently,  most  of  the  measurements  made  were 
of  lower  amplitude  than  the  low  end  of  the  pressure  range  over  which  the 
pressure  transducer  will  measure  with  accuracy.  Therefore,  it  is  difficult 
to  establish  whether  the  large  scatter  in  the  data  was  a  result  of  this  problem 
and/or  just  the  nature  of  the  experiment.  For  this  reason,  and  because  only 
one  of  these  experiments  actually  resulted  in  a  shock  propagation,  only 
pressure  and  impulse  data  were  reduced  for  the  first  two  waves,  and  have 
been  presented  solely  in  tabular  form. 

The  recorded  blast  waves  for  the  vapor  experiments  were  quite  repeatable 
and  somewhat  different  in  appearance  and  relative  amplitudes  from  waves 
produced  by  similar  experiments  using  high-pressure  air  and  argon  spheres  or 
condensed  explosives  such  as  Pentolite.  The  initial  positive  phase  was 
followed  by  a  very  pronounced  negative  phase  and  a  large  amplitude  second  shock. 

The  results  of  the  vapor  tests  in  this  limited  experimental  effort 
were  transformed  into  non-dimensional  quantities  and  plotted  versus  a 
scaled  distance  which  corresponded  to  the  various  distances  from  the 
spheres  at  which  pressure  transducers  were  positioned.  Whenever  possible, 
these  data  were  compared  with  compiled  data  for  Pentolite  high-explosive. 

Most  of  the  blast  parameters  from  the  non-ideal  explosions  used  in  this  work 
depend  primarily  on  the  scaled  distance  although  some  dependence  in  some 
of  the  parameters  is  evident  for  change  in  initial  internal  pressure  in 
the  sphere  or  the  physical  size  of  the  energy  source.  Reduced  data  from 
these  experiments  include  the  peak  overpressures  and  arrival  times  of  the 
first  and  second  shock,  durations  of  the  first  positive  phase  and  negative 
phase,  and  the  positive  and  negative  phase  impulses. 

These  data  appear  to  be  the  first  set  of  measurements  of  the  characteris¬ 
tics  of  blast  waves  from  bursting,  frangible  spheres  pressurized  with  a 
flash-evaporating  fluid.  However,  since  this  set  of  experiments  used  only 
one  fluid,  additional  experiments  using  the  basic  test  arrangement  and 
methods  reported  here  are  recommended  to  supplement  these  data.  These 
experiments  should  include: 

(1)  Tests  of  bursting  spheres  filled  with  vapors  of  higher 

saturation  pressure  such  as  Freon-22,  Freon-13,  or  sulfur 
hexafluoride  (SF^)  to  better  determine  the  effect  of  sphere 
pressure  on  the  overpressures  measured. 
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(2)  Tests  using  the  same  fluids  as  above  but  in  liquid  form  just 
above  saturation  pressure  at  room  temperature. 

(3)  Tests  using  flash-evaporating  fluids  in  liquid  form  at  a 
high-pressure  heated  above  room  temperature  to  3^®^  below  the 
saturation  temperature. 

A  last  recommendation  is  to  look,  through  a  model  analysis,  at  what 
form  the  scaling  law  for  blast  waves  from  flash-evaporating  fluid  spheres 
should  take  to  better  present  the  non-dimensional  parameters.  At  the  same 
time,  the  methodology  for  computing  the  energy  for  driving  the  blast  waves 
which  account  for  the  fragmentation  of  the  glass  sphere  needs  to  be  analyzed 
to  better  apply  the  scaling  law  and  to  accurately  compute  the  non-dimensional 
blast  parameters  for  comparison  with  high-explosive  data  or  analytic  predic¬ 
tions.  Thus,  better  risk  assessments  and  damage  predictions  from  accidental 
explosion  of  pressure  vessels  containing  flash-evaporating  fluids  could  be 
made . 
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APPENDIX  A 


SAMPLE  ENERGY  CALCULATIONS 

The  following  sample  calculations  use  English  units  of  measure  be¬ 
cause  tables  of  thermodynamic  properties  for  Freon-12  are  readily  available 
only  in  this  system  of  units  [7]. 

Isentropic  expansion  of  Freon-12  liquid  at  p,/p  =  20.3  and  room 
temperature  6  =  76°F.  Since  no  properties  for  comprelsed  (subcooled) 
liquid  Freon-12  seem  to  be  available,  properties  for  state  1  will  be  assumed 
as  those  of  a  saturated  liquid.  Furthermore,  since  this  is  an  estimate 
of  the  change  in  internal  energy  caused  by  the  expansion  of  the  pressurized 
refrigerant,  interpolation  of  table  values  will  be  minimized. 

For  p^  =  290  psia  296  psia 

specific  volume  v.  =  0.01465  ft^/lb 
1  m 

enthalpy  h,  =  48.065  Btu/lb 
-L  m 

entropy  s^  =  0.091159  Btu/lb  °F 
1  m 

and  internal  energy  u^  =  h^  - 

therefore  u.  =  47.27  Btu/lb  . 

-L  m 

At  state  2  after  expansion  (s.  =  s^)  to  14.22  psia,  the  quality  of 

vapor  X  is  ^  z 


X 


0.508 


where  subscript  f  means  fluid  and  subscript  g  means  gas. 
Therefore, 


V2  -  +  X  V  =1.328  ft^/lb 

®  m 


+  X  h  =  39.759  Btu/lb 
o  m 


and 


^2  ~  ^2  “  P2"'?  =  36.263  Btu/lb 

m 
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Thus, 


U-,  ~  =  11.0  Btu/lb 

1  Z  m 


Converting  this  to  an  energy  per  unit  volume. 


—  =  247.6  Btu/ft^ 


For  Test  No.  13,  the  estimated  energy  available  due  to  an  isentropic  expansion 


E  =  247.6  V  =  127,000  in-lb 


E  =  14,300  Joules 


If  the  fragment  velocity  is  measured  ,  then  the  kinetic  energy  of  the  frag¬ 
ments  would  be  subtracted  to  obtain  the  energy  available  for  driving  a 
blast  wave. 


0^  =  78°F, 


For  an  isentropic  expansion  of  Freon-12  vapor  at  3.45  and 


V,  =  0.90  ft  /lb 
1  m 


h-,  =  88.42  Btu/lb 
1  m 


St  =  0.17984  Btu/lb  -  ^F 
1  m 
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and 


u,  =  h  -  p  V,  =  80.2  Btu/lb 
-L  X  1  1  ni 


At  P2  14.0  psia 


^2  ”  s,  >  s  (still  in  superheated  region) 

o 

V,  =  2.83  ft^/lb 


h  =  78.42  Btu/lb 
^  m 


and 


u.  =  71.09  Btu/lb 
^  m 


Therefore, 


Au  =  9.11  Btu/lb 

m 


and 


3.337V 
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For  Test  m.  zi, 


E  -  3,337  V  -  2,056  in-lb^ 

or 


E  -  232  Joules 
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APPENDIX  B 


DATA  TABLES 

The  non-dimensional  data  obtained  in  this  program,  along  V7ith  the 
glass  sphere  characteristics  for  each  test,  are  presented  in  this  Appendix.^ 

Most  of  the  column  headings  are  self-explanatory;  however,  a  short  explanation 
of  each  follows: 

Internal  Pressure  -  the  absolute  pressure  used  in  the  sphere 
ratioed  to  the  ambient  pressure 

Volume  --  the  actual  volume  measured  for  each  sphere. 

Computed  Diameter  -  the  diameter  of  the  sphere  as  computed 
from  the  measured  volume. 

Mass  -  the  mass  of  the  glass  sphere  obtained  by  taking  the  difference 
of  the  total  mass  of  the  sphere  assembly  before  the  test  and  the 
mass  of  the  remains  on  the  test  fixture  after  the  test. 

Thickness  —  computed  from  the  measured  mass  and  diameter  of  the 
sphere,  and  specific  gravity  of  the  glass. 

Energy  “  the  estimated  energy  available  for  driving  the  blast 
wave  assuming  an  isentropic  expansion  and  very  little  fragment 
kinetic  energy  loss.  Sample  computations  are  given  in  Appendix  A. 

,  All  non-dimensional  parameters  used  have  been  defined  in  Section 

III.  The  local  atmospheric  constants  used  in  some  of  these 
parameters  were: 

P  =98.5  kPa  =14.3  psi 
a 

a  =  339,3  m/s  =  13,360  in. /sec 
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Freon-12  Liquid  Bursting  Sphere  Data 
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Freon-12  Vapor  Bursting  Sphere  Data 
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Table  B-2  (Cont'd) 

Freon-12  Vapor  Bursting  Sphere  Data 
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Table  B-2  (ContM.) 

Freon-12  Vapor  Bursting  Sphere  Data 
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